The optical spectrum of CuA2+ strongly suggests an assignment as a d9 ion rather than Cu(I) bound to a thiyl radical.
The optical and magnetic properties of cytochrome c oxidase (ferrocytochrome c:oxygen oxidoreductase, EC 1.9.3.1) were intensively studied in order to characterize the nature of the four metal centres in the enzyme (Wikstrom et al., 1981) . However, the presence of two haem groups of the a type and two copper ions has created ambiguities in deconvoluting the contributions of individual centres both to the optical spectrum (Lemberg, 1969) and to the magnetic susceptibility (Tweedle et al., 1978) . Disagreement has consequently arisen in the interpretation of the experimental results (Malmstr6m, 1979) . Therefore there is value in the use of techniques that can separate unambiguously the contribution of each centre to a given spectroscopic signal. We have been analysing the low-temperature m.c.d. spectra of cytochrome c oxidase and several of its derivatives (Thomson et al., 1977; Abbreviation used: m.c.d., magnetic circular dichroism.
Vol. 215 Johnson et al., 1981; Thomson et al., 1982) . This technique has a number of useful advantages when used for the study of proteins containing several different metal centres. For example, the wavelength range accessible is 200-2500nm, well beyond that usefully available for the measurement of the absorption spectra of the metal centres, which is confined to the wavelength range 300-1200 nm because of the absorption of the protein itself in regions beyond this. We have located a number of new electronic transitions in the region between 700 and 2000 nm that are usefully diagnostic of the nature of the haem centres (Eglinton et al., 1980; Thomson et al., 1982) . The second aspect of help is the fact that the field-and temperature-dependence of the m.c.d. spectra enables magnetization curves for individual centres to be determined from which ground-state g-factors can, in favourable cases, be derived. Therefore it is possible to assign features in the m.c.d. spectrum to species that give e.p.r. signals or that are paramagnetic but e.p.r.-silent.
Previously we have reported analyses of the low-temperature m.c.d. spectra of bovine cytochrome c oxidase in two wavelength regions. In the wavelength range 300-450nm, the Soret-band region, the m.c.d. is dominated by the contributions from the haem groups only (Thomson et al., 1977) . By the use of several derivatives it was possible to obtain the magnetization properties of each haem group and to reach conclusions about the magnetic state of haem a3 in its oxidized cyanide-inhibited form . The other region studied was that between 700 and 2000 nm. The m.c.d. spectra were measured both at room temperature (Eglinton et al., 1980) and down to 1.5K (Thomson et al., 1982) . Three of the four metal centres could be unambiguously resolved in the oxidized cyanide-bound form of the enzyme, namely the e.p.r.-detectable copper, CuA, and the haems a3+ and a33+. The three metal centres give m.c.d. spectra at well-separated wavelengths. Therefore the magnetization properties of each could be determined. Bands due to haem a3+ and CuA were identified by their m.c.d. magnetization properties, on the basis of given knowledge of their ground-state g-factors from e.p.r. spectroscopy.
The visible region of the optical spectrum between 450 and 700nm is complex because it contains overlapping contributions from more than one metal centre (Vanneste, 1966 (Beinert et al., 1962) , and the hyperfine coupling constants are largely isotropic with a maximum splitting about half that seen in the blue or type 1 copper proteins (Froncisz et al., 1979; Hoffman et al., 1980) . The signal also exhibits fast spin relaxation, which prevents its detection above 150K (Froncisz et al., 1979) . It has been pointed out that the e.p.r. signal is similar to that of a thiyl radical (RS') co-ordinated to Cu(I) (Peisach & Blumberg, 1974) . Electron-nuclear-doubleresonance studies of the bovine heart enzyme (Hoffman et al., 1980) and the yeast cytochrome c oxidase isotopically substituted with [15Nlhistidine and [2Hlcysteine (Stevens et al., 1982) reach rather contradictory conclusions. The former study con- cludes that the assignment of the e.p.r. signal to a thiyl 7r-radical is not consistent with the data, and therefore it favours identification of the centre as a Cu(II) ion in a unique environment possibly coordinated to more than one cysteinyl thiol group. The latter study, by contrast, concludes that substantial spin density is delocalized on to a cysteine sulphur atom to give a site formally Cu(I)-}S. The isotopically substituted proteins give strong evidence for at least one cysteine and one histidine residue as ligands to CuA (Stevens et al., 1982 Cytochrome c oxidase was prepared by a modified version of the method of Yonetani as described by Thomson et al. (1981) . The preparation of deuterated samples for i.r. measurements was done as described by Eglinton et al. (1980) (Brittain et al., 1978) .
Azurin from Pseudomonas aeruginosa was prepared by the procedure of Parr et al. (1976 Fig.   1 . The absorption spectrum is also given. M.c.d. magnetization curves were measured at the wavelengths indicated by vertical arrows in Fig. 1(b . The peaks at 576 and 640nm have magnetization curves at 1.5 and 4.2K that fit well to those expected of an x,y-polarized haem transition with the g-values of cytochrome a3+, i.e. g = 3.03, 2.21 and 1.45 (Van Gelder & Beinert, 1969 that cytochrome a is a bis-histidine-co-ordinated haem a group (Peisach, 1978; Babcock et al., 1979; Eglinton et al., 1980; Thomson et al., 1982) . Its spectroscopic properties are successfully modelled by extracted haem abisimidazole complex. A comparison of the energies of the charge-transfer bands in the near-i.r. spectral region of cytochrome a3+ and the extracted haem a-bisimidazole complex leave little doubt of the validity of the model (Eglinton et al., 1983b) . Therefore a comparison was made (Fig. 5) cytochrome c oxidase and haem a-bisimidazole complex. The m.c.d. difference spectrum is also given in Fig. 5 . There is no contribution from cytochrome a3+ to the low-temperature m.c.d. spectrum between 700 and 950 nm. This supports the evidence of the magnetization curves that this region is dominated by the contribution from CuA2+ (Thomson et al., 1982) . Between 570 and 650nm the spectrum is almost totally dominated by that of cytochrome a3+. The difference spectrum indicates a small negative m.c.d. trough at 590nm. However, the magnitude of this trough is critically dependent both on the relative intensities of the haem a-bisimidazole spectrum and the oxidase spectrum, and also on the wavelength of the peaks. There are inevitably uncertainties in the absolute determination of values of samples that are in glassy solvents. Furthermore, there could be slight changes between the peak positions of the haem a-bisimidazole model and the haem in the enzyme. We have no means of allowing for these. Hence we regard the small negative trough at 590nm in the m.c.d. difference spectrum with some caution. (Fig. 6) . The contributions to the magnetization Fig. 1(b) . The haem a-bisimidazole sample contained 380pM-haem a in 0.1 M-sodium phosphate buffer, pH 7.4, containing 1 mM-sodium dodecyl sulphate and 400 mM-imidazole in a 1:1 (v/v) mixture with ethanediol. The temperature was 4.2 K and the field 5.1 T.
1983
1.5 - (Thomson et al., , 1982 The binding of CN-ion to the oxidized form of the enzyme is very slow (Antonini et al., 1971; Van Buuren et al., 1972) . We have therefore observed the Ix -0. is given in Fig. 9 . , 1982) . This curve has an unusually steep initial slope, giving an I value of 0.286 ± 0.004, compared with an I value for cytochrome a3+ of curves at 466nm from cytochrome a3+ and CuA2+ 0.400. Thus a mixture of a contribution from the are plotted. The difference spectra of Fig. 5 indicate former species will cause the m.c.d. magnetization that the two chromophores contribute with opcurves to steepen, and to give I values between the positely signed bands. The resultant curve fits the extremes of 0.286 and 0.4 for overlapping conexperimental data well.
tributions from cytochrome a33+ and cytochrome a3+ and between 0.286 and 0.5 for mixtures of Cyanide-inhibited oxidized cytochrome c oxidase cytochrome a33+ and CuA2+. In keeping with those
In the preceding subsection we showed that all the conclusions, the magnetization curves measured features of the low-temperature m.c.d. spectrum of at 785 and 825 nm give I values of 0.48, close to resting oxidized cytochrome c oxidase can be those for the resting oxidized oxidase. Therefore assigned to only two components, namely cytowe conclude that only the chromophore, CUA2+, is chrome a3+ and CuA2+. No features are apparent contributing to the m.c.d. spectrum of the oxidized that can be assigned to cytochrome a33+ or CUB 2+. In resting and the cyanide-bound cytochrome c order to check this conclusion, we investigated the oxidase between 650 and 950nm. At 510nm the I low temperature m.c.d. spectrum between 450 and value is 0.425, corresponding to an admixture of the 950nm of the cyanide-inhibited form of the oxidized CuA2+ and a33+-CN. At 578 nm the I value is 0.363, enzyme. We have previously shown that when as expected for contributions from cytochrome a33+ cyanide is bound to cytochrome a33+ it contributes and cytochrome a3+. The important feature of the to the m.c.d. spectrum in the Soret region (Thomson m.c.d . spectra of the cyanide-inhibited oxidase is the et Johnson et al., 1981) and in the presence of the positive peak at 510nm. This peak near-i.r. region at 1946 nm (Thomson et al., 1982 The key to the assignment of bands in the m.c.d. spectrum is a knowledge of the ground-state magnetic properties of all the metal centres. This enables the form of the m.c.d. magnetization curve to be calculated and compared with that determined experimentally at a given wavelength. The magnetic properties of the centres in the oxidized resting form of the enzyme are as follows. Cytochrome a is a low-spin ferric haem, which is e.p.r.-detectable, with g-values of 3.03, 2.21 and 1.45 (Van Gelder & Beinert, 1969) . CuA also gives e.p.r. signals, with g-values of 2.18, 2.03 and 1.99 (Aasa et al., 1976) . These two centres are magnetically isolated. The magnetic properties of cytochrome a3 and CUB in the oxidized resting state of bovine heart cytochrome c oxidase are less well understood. The e.p.r. spectrum of resting oxidized cytochrome c oxidase contains a broad signal at low magnetic fields, the so-called 'g = 12' resonance (Greenaway et al., 1977) . This signal has an intensity and shape that are strongly temperature-dependent. Although there is controversy in the detailed assignment of this resonance (Brudvig et al., 1981; Hagan, 1982) , there is agreement in attributing it to a paramagnet with spin S = 2. One group assigns the signal to the AMS = +2 transition, i.e. between the Ms levels of +1 and -1 (Brudvig et al., 1981) . The other worker (Hagan, 1982) A (nm) Fig. 9 . Temperature-dependence ofthe visible-region m.c.d. spectrum ofoxidized cyanide-bound cytochrome c oxidase The sample is the same as that used in the experiment shown in Fig. 7 . These spectra were recorded on the final oxidized cyanide-bound species. The spectra were measured at the temperatures 1.5 K (-v-v-) The difference spectrum (0-0) was obtained by subtracting the spectrum of the oxidized resting enzyme (A-A) from that of the oxidized cyanide-bound species ( ). The oxidized, resting and cyanide-bound samples are those described in the legends to Figs. 1 and 9 respectively. Subtraction was done on the spectra measured at 4.2 K and 5.1 T. A (nOm) Fig. 11 . Comparison of the m.c.d. spectrum of CUA in cytochrome c oxidase with that of azurin from Pseudomonas aeruginosa The CUA spectrum was obtained as shown in Fig. 5 . The azurin concentration was 6.57 mM in a 1: 1 (v/v) deuterated mixture of 0.1 M-phosphate buffer and ethanediol (pH 7.4). Both spectra were obtained at a temperature of 4.2 K and a field of 5.1 T. dependent e.p.r. properties (Brudvig et al., 1981 ).
-The centre that gives rise to the 'g = 12' signal is unaffected by binding of NO to some of the CUB 2+ centre, whereas a g = 6 signal is elicited from cytochrome a33+ by NO binding. It is clear that there are at least two types of reactive centre, whose relative concentrations are preparation-dependent. One type gives rise to the 'g = 12' signal and is unreactive to NO, whereas the other is reactive to NO, which evokes a g = 6 signal. These results inevitably place some uncertainty over the interpretation of the magnetic-susceptibility results. These require a knowledge of the concentration of the paramagnetic centre being detected. This uncertainty is heightened by the demonstration with m.c.d. magnetization curves that the magnetic-sus- ceptibility data (Tweedle et al., 1978) on the cyanide-inhibited form of cytochrome c oxidase are wrong (Thomson et al., , 1982 .
In summary, we conclude that there are likely to be two types of magnetic centre associated with cytochrome a3 and CUB in the resting oxidized enzyme whose properties are preparation-dependent. One type gives rise to the 'g = 12' e.p.r. signal from a transition between excited levels of an S = 2 state. The other is e.p.r.-silent until NO becomes bound to it, when a g = 6 high-spin a33+ signal arises. For our purpose we note that both types of centre should have recognizable m.c.d. magnetization curves distinct from those of the magnetically characterized centres cytochrome a3+ and CuA2.
The results presented show that the lowtemperature m.c.d. spectrum of resting oxidized cytochrome c oxidase can be deconvoluted into contributions from only two of the four metal components, namely cytochrome a3+ and CUA2+. The m.c.d. evidence presented here shows that there are optical transitions associated with the g = 2.0 paramagnet throughout the spectral region from 450 to 950nm. Thus this e.p.r. signal must arise from a metal centre. It is instructive to compare the m.c.d. properties of CuA2+ with those of a type 1 copper protein of well-defined co-ordination geometry. We therefore investigated the low-temperature m.c.d. spectra of oxidized azurin from Pseudomonas aeruginosa. The co-ordination geometry of the copper ion is crystallographically defined in this protein and shown to be two histidine ligands, one cysteine ligand and one methionine ligand in a distorted tetrahedral array (Colman et al., 1978) .
A comparison between the m.c.d. spectra of oxidized azurin and that of CuA2+ in cytochrome c oxidase is given in Fig. 11 . Most striking is the difference between the absolute intensities of the m.c.d. signals at equal fields and temperatures.
Those of CuA2+ are 10-20 times greater than those of azurin. The detailed assignments made of the azurin optical spectrum has established that the bands between 550 and 800nm arise from charge-transfer transitions from cysteinyl thiol (RS-) to Cu(II), whereas those between 450 and 550nm are imidazole-to-Cu(II) and possibly methioninesulphur-to-Cu(II) charge-transfer bands (Solomon et al., 1976 (Solomon et al., , 1980 . Clearly, the optical spectrum of CuA2+ shows intense bands in the same energy regions. We therefore propose that CuAZ+ has both cysteine and histidine groups as ligands.
The intense negative m.c.d. trough at 790nm in the spectrum of CuA2+ undoubtedly arises from a cysteinyl-thiol-to-Cu(II) charge-transfer process.
There are no protein side chains as potential ligands that are likely to give charge-transfer bands at such a low energy. It is possible that the high intensity of this band arises because of the presence of more than one cysteinyl group as ligands of CuA2+. There are no suitable models available to test this hypothesis at present. However, this agrees with suggestions made on the basis of e.p.r. and electronnuclear-double-resonance studies that two cysteinyl thiol ligands are present (Greenaway et al., 1977; Hoffman et al., 1980; Stevens et al., 1982) .
The bands between 450 and 550nm could arise from histidine-to-Cu(II) charge-transfer transitions, as in the case of azurin (Solomon et al., 1980 ). But we are faced with the. necessity of accounting for the much higher m.c.d. intensity. Without m.c.d. experiments on a wider range ofwell-defined copper models and proteins we cannot make these assignments definitive. However, it is noteworthy that subunit II of cytochrome c oxidase from human, bovine and yeast mitochondria has a conserved sequence homologous with type 1 copper proteins (Steffens & Buse, 1979) except that, in the oxidase sequences, there is an additional conserved cysteine residue in place of proline. Therefore there is the possibility of generating, within subunit II, a copper site with two cysteine residues, at least one. histidine residue plus methionine residue.
The optical spectrum of CuA2+ strongly suggests an assignment as a d9 ion rather than Cu(I) bound to a thiyl radical. Coloured complexes of Cu(I) are formed with 7r-unsaturated ligands such as p-phenanthroline and o-quinoline (Hollebone et al., 1969 (Vickery, 1978) . This seems to be possible only if haem a33+ were low-spin in the oxidized resting state and strongly antiferromagnetically coupled to CuB2+. The only other explanation is the one favoured earlier by ourselves (Thomson et al., 1976 (Thomson et al., , 1977 and others (Babcock et al., 1976 high-spin ferric haems are at least an order of magnitude weaker than those of low-spin ferric haems in the magnetically isolated state (Thomson et al., 1976) . It has been confirmed that at low temperatures high-spin ferric haems still give m.c.d. spectra much weaker than those of low-spin ferric haems (Rots & Zandstra, 1982; Eglinton et al., 1983a) . The absolute intensity is a function of the magnitude of spin-orbit coupling within the haem. Therefore magnetic coupling of the haem to an adjacent copper ion is not expected to increase the intensity significantly.
It should be noted that we have searched the near-i.r. m.c.d. spectra of oxidized resting cytochrome c oxidase for charge-transfer transitions of haem a33+ (Eglinton et al., 1980 ; Thomson et al., 1982) . We could identify features in the roomtemperature spectrum between 1000 and 1200nm of the right shape to be the high-spin haem chargetransfer bands. However, the course of a dithionite titration monitored by m.c.d. spectroscopy is presented in Fig.  12 (a) and compared with similar results obtained by Johnson et al. (1981) in Fig. 12(b) . The changes seen at 790nm (m.c.d.) correspond well to those obtained at 830nm by using conventional spectrophotometry. During the course of such titrations CuB2+ is reduced , and if it contributed significantly to this spectral region we would expect to see it. This result confirms our suggestion that the 830nm band can be assigned almost completely to CuA2.
